Background: Coumarins are a major group of plant secondary metabolites that serves as defense compounds against pathogens. Although coumarins can be obtained from diverse plant sources, the use of microorganisms to synthesize them could be an alternative way to supply building blocks for the synthesis of diverse coumarin derivatives. Results: Constructs harboring two genes, F6′H (encoding feruloyl CoA 6′ hydroxylase) and 4CL (encoding 4-coumarate CoA:ligase), were manipulated to increase the productivity of coumarins. Escherichia coli expressing the two genes was cultured in medium supplemented with hydroxycinnamic acids (HCs) including p-coumaric acid, caffeic acid, and ferulic acid, resulting in the synthesis of the corresponding coumarins, umbelliferone, esculetin, and scopoletin. Cell concentration and initial substrate feeding concentration were optimized. In addition, umbelliferone, and esculetin were synthesized from glucose by using a ybgC deletion mutant and co-expressing tyrosine ammonia lyase and other genes involved in the tyrosine biosynthesis pathway. Conclusions: To produce coumarin derivatives (umbelliferone, scopoletin, and esculetin) in E. coli, several constructs containing F6′H and 4CL were made, and their ability to synthesize coumarin derivatives was tested. The solubility of F6′H was critical for the final yield. After optimization, 82.9 mg/L of umbelliferone, 79.5 mg/L of scopoletin, and 52.3 mg/L of esculetin were biosynthesized from the corresponding HCs, respectively in E. coli. Umbelliferone and esculetin were also synthesized from glucose using engineered E. coli strains. The final yields of umbelliferone and esculetin were 66.1 and 61.4 mg/L, respectively.
Background
Plants synthesize many types of phenolic compounds. Depending on their carbon skeletons, these phenolic compounds can be divided into four groups [1] . The first group is based on phenolic acids, whose carbon skeleton is C 6 -C 1 , and includes gallic acid, salicylic acid, and benzoic acid. The second group is hydroxycinnamic acids (HCs, C 6 -C 3 ), which include p-coumaric acid, caffeic acid, and coumarin. The third group, the stilbenes, has a C 6 -C 2 -C 6 skeleton, and includes resveratrol, piceatannol, and pallidol. The last group includes the flavonoids, which have a C 6 -C 3 -C 6 skeleton, and includes quercetin, genistein, and apigenin. These plant phenolics are all synthesized from cinnamic acid derived from phenylalanine through the action of phenylalanine ammonia lyase (PAL). Malonyl-CoA supplies carbon to cinnamonyl-CoA to make the stilbenes and the flavonoids [2] , while β-oxidation of cinnamic acid leads to the formation of phenolic acids [3] .
Coumarins contain a backbone of 1,2-benzopyrone and are classified into four groups; simple coumarins, furanocoumarins, pyranocoumarins, and prenylated coumarins. Simple coumarins include scopoletin, umbelliferone, esculetin, and others [4] . Coumarins are plant secondary metabolites that are produced as either defensive compounds against pathogens [5, 6] or iron chelators in the soil [7] . Biological activities of coumarins and their derivatives include antibacterial, antiviral, antifungal, anti-inflammatory, anticancer, anticoagulant, and antihypertensive activities [8] . As more impacts of coumarins on human have emerged, natural coumarins are serving as backbones for the synthesis of a range of new potentially useful coumarin derivatives [8, 9] .
The biosynthetic pathway from cinnamic acid to coumarin was first elucidated in Arabidopsis thaliana [10] . The hydroxylation at the 6′-carbon of cinnamoyl-CoA by a 2-oxoglutarate-dependent dioxygenase (feruloyl CoA 6′-hydroxylase [F6′H] , also known as p-coumaryol CoA 2′-hydroxylase [C2′H]) is a key step for the biosynthesis of coumarin [11] . In sweet potato (Ipomoea batatas), genes homologous to F6′H from A. thaliana (IbF6′H1 and IbF6′H2) have been cloned and characterized [12] . These studies opened possibilities that three coumarins (umbelliferone, esculetin, and scopoletin) are synthesized from p-coumaric acid, caffeic acid, and ferulic acid, respectively, by a combination of p-cinnamic acid:CoA ligase (4CL) and F6′H [10, 12] (Figure 1 ).
Model microorganisms have been used to synthesize plant phenolic compounds. Hydroxycinnamic acid, flavonoid, and stilbene have successfully been synthesized in Escherichia coli [13] [14] [15] . Coumarin can be synthesized from either phenylalanine or tyrosine using three enzymes, phenylalanine (or tyrosine) ammonia lyase (PAL or TAL), 4-cinnamic acid:coenzyme A ligase (4CL), and F6′H. Phenylalanine and tyrosine can be converted into cinnamic acid and p-coumaric acid by PAL and TAL, respectively [16, 17] . Caffeic acid is synthesized from p-coumaric acid by hydroxylation using 4-hydroxyphenylacetate 3-hydroxylase (HpaBC) from E. coli [18] or a monooxygenase called Sam5 from Saccharothrix espanaensis [19] . Subsequent O-methylation of caffeic acid produces ferulic acid [20] . Attachment of coenzyme A to each HC and the spontaneous cyclization of 6′-hydroxycinnamoyl-CoAs in E. coli result in the formation of coumarins. Simple coumarins and their derivatives have been synthesized from either hydroxycinnamic acid or glucose [21] [22] [23] . This study used F6′ H from A. thaliana and I. batatas and 4CL from A. thaliana to produce umbelliferone and scopoletin from p-coumaric acid and ferulic acid, respectively, In addition, by employing TAL, HapBC, and CCoAOMT (caffeoyl CoA O-methyltransferase) along with F6′H and 4CL, Lin et al. [21] also synthesized umbelliferone Figure 1 Biosynthesis pathway of coumarins starting with glucose. ppsA, phosphoenolpyruvate synthetase; tktA, transketolase; tyrR, phenylalanine DNA-binding transcription repressor; aroG, deoxyphosphoheptonate aldolase; tyrA, prephenate dehydrogenase; pheA, prephenate dehydratase; tyrB, phenylalanine aminotransferase; TAL, tyrosine amino lyase; 4CL, 4-coumaroyl-CoA ligase; C3H, coumarate 3-hydroxylase; COMT, caffeic acid O-methyltransferase; F6′H, feruloyl CoA 6′-hydroxylase. Tyrosine inhibits tyrR, and tyrA. and scopoletin. But, the final yield of coumarins synthesized by this method was low. The bottleneck for the synthesis of coumarin is probably the conversion of hydroxycinnamoyl-CoA to 6′-hydroxy cinnamoyl-CoA. In this paper, we overcome this block by increasing the solubility of F6′H, thereby increasing the yield of coumarin. We report here the biosynthesis of coumarins from both hydroxycinnamic acids and glucose.
Results

Production of coumarin from hydroxycinnamic acid in E. coli
Coumarin is synthesized from hydroxycinnamic acid by the products of two genes, 4CL and F6′H. Genes from Oryza sativa (Os4CL) and I. batatas (IbF6′H2) were cloned and transformed into E. coli. The E. coli transformant (B-CM1 in Table 1 ) was fed with ferulic acid. The reaction product was analyzed using high performance liquid chromatography (HPLC). As shown in Figure 2C , the culture filtrate from B-CM1 showed a new peak that had the same retention time as a standard of scopoletin. The molecular mass of the reaction product was 192-Da (g/mol) ( Figure 2D ), which corresponds to the predicted molecular mass of scopoletin. B-CM1 produced 3.5 mg/L scopoletin. F6′H is a dioxygenase. Dioxygenases are sometimes poorly expressed in E. coli due to low solubility. Therefore, we fused F6′Hs to glutathione S-transferase (GST) to increase the solubility and stability. GST-fusion proteins have been shown to exhibit increased solubility and stability compared to His-tagged fusion proteins [24] . In addition, we made operon-type and pseudo operon-type constructs with 4CL and F6′H. The operon-type construct has one T7 promoter which controls the expression of both 4CL and F6′H. On the other hand, each gene is controlled by an independent T7 promoter in the pseudo operon-type construct. Therefore, we generated four constructs and tested them for the production of scopoletin from ferulic acid (B-CM1 to B-CM4). In two constructs, pG-pIbF6′H2-pOs4CL and pG-pIbF6′H2-Os4CL (Table 1) , IbF6′H2 was fused with GST. Two genes, IbF6′H2 and Os4CL, were controlled by either two promoters in pG-pIbF6′H2-pOs4CL and pE-pIbF6′H2-pOs4CL (pseudo-operon type) or one promoter in pG-pIbF6′H2-Os4CL and pE-pIbF6′H2-Os4CL (operon type). In cases in which one promoter controlled two genes, a ribosome binding site (RBS) was attached in front of each gene. In addition, IbF6′H was located before Os4CL when both genes were controlled by one promoter. This orientation accumulated a fewer reaction intermediates [25] . Each construct was transformed into E. coli BL21 (DE3) and the resulting strains were tested for the ability to produce scopoletin. The strains harboring IbF6′H2 fused with GST showed more scopoletin production than strains harboring IbF6′H2 alone. B-CM3 and B-CM4, both of which contained the GST-IbF6′H2 fusion protein, produced approximately 34.6 and 59.7 mg/L of scopoletin, respectively, whereas B-CM1 and B-CM2 produced 3.5 and 8.1 mg/L, respectively ( Figure 3 ). This indicates that the GST-fusion resulted in a higher yield of scopoletin, presumably due to increased solubilization and stability of IbF6′H2. Therefore, we decided to use the operon-type construct fused with GST (pG-pIbF6′ H2-Os4CL).
Using strain B-CM4, the effect of the medium on the production of scopoletin was examined. After protein induction, cells were resuspended in LB, M9, or YM9 (M9 containing 1% yeast extract), and incubated with ferulic acid. Cells grown in LB accumulated more scopoletin than the other media (59.2 mg/L scopoletin vs. 13.1 mg/L in YM9 and 4.3 mg/L in M9).
We also generated a GST-IbF6′H1 fusion gene, which was subcloned with Os4CL in an operon-type configuration (pG-pIbF6′H1-Os4CL). E. coli strains B-CM4, which contains pG-pIbF6′H2-Os4CL, and B-CM5, which contains pG-pIbF6′H1-Os4CL, were tested for production of umbelliferone, esculetin, and scopoletin from p-coumaric acid, caffeic acid, and ferulic acid, respectively. The two F6′Hs are expected to exhibit different substrate specificity. All E. coli strains converted p-coumaric acid, caffeic acid, and ferulic acid into umbelliferone, esculetin, and scopoletin, respectively. The structures of the products were confirmed using nuclear magnetic resonance (NMR) Figure 2 Production of scopoletin by feeding ferulic acid to E. coli strain B-CM1, A: ferulic acid standard (F), B: scopoletin standard (S), C: reaction products, P1 and P2, D: Mass spectrum of reaction product P1.
spectroscopy (see Materials and methods). However, the yield was different depending on the E. coli strain used and the substrate. B-CM4 produced about 38.2 mg/L umbelliferone, but B-CM5 produced 29.0 mg/L. Scopoletin was also produced at a higher amount in B-CM4 (approximately 59.4 mg/L) than in B-CM5 (33.6 mg/L). On the other hand, more esculetin was produced in B-CM5 (approximately 25.2 mg/L) than in B-CM4 (16.0 mg/L) ( Figure 4 ). IbF6′H2 was superior for the production of umbelliferone and scopoletin, while IbF6′H1 was superior for the production of esculetin.
Optimization of umbelliferone, scopoletin, and esculetin production
The optimal initial concentration of substrates (p-coumaric acid, caffeic acid, and ferulic acid) was examined for the production of umbelliferone, scopoletin, and esculetin, respectively. B-CM4 was used for the production of umbelliferone and scopoletin while B-CM5 was used for the production of esculetin. Approximately 90% of the p-coumaric acid was converted to umbelliferone at 0.3, 0.4, 0.5 mM p-coumaric acid. The production of umbelliferone continued to increase until 0.7 mM pcoumaric acid, after which the yield was not further increased very much, and p-coumaric acid accumulated. Therefore, 0.7 mM of p-coumaric acid was selected as the initial substrate concentration. Next, we determined the optimal cell density at 0.7 mM p-coumaric acid. Production of umbelliferone continued to increase until OD 600 = 5, after which the yield decreased. B-CM4 at a cell density at OD 600 = 5, produced approximately 0.51 mM (82.9 mg/L) of umbelliferone from 0.7 mM (114.9 mg/L) p-coumaric acid for a conversion yield of approximately 73%.
Using the same approach, the optimal initial substrate concentration and cell density were determined for both the production of scopoletin from ferulic acid and the production of esculetin from caffeic acid. The optimal substrate concentration and cell density for both scopoletin and esculetin were 0.7 mM at OD 600 = 5, respectively. Under these conditions, approximately 79.5 mg/L of scopoletin (0.41 mM; 59% conversion) and 52.3 mg/L (0.29 mM; 41% conversion) of esculetin were produced after a 12 h reaction.
Synthesis of umbelliferone and esculetin from glucose
Umbelliferone and esculetin are synthesized from p-coumaric acid, and caffeic acid, respectively. p-Coumaric acid is synthesized from tyrosine by the action of tyrosine ammonia lyase (TAL). Subsequently, 3′-hydroxylation of p-coumaric acid leads to the synthesis of caffeic acid. Therefore, for the synthesis of umbelliferone, an additional gene, TAL is needed, which was previously cloned in our lab [26] . E. coli BL21 (DE3) was transformed with the TAL gene along with pG-pIbF6′H2-Os4CL. The resulting strain, B-CM6, was used to synthesize umbelliferone. The analysis of the culture filtrate by HPLC showed a peak (peak 3 in Figure 5B ) that has the same retention time as standard umbelliferone. The molecular mass of this reaction product was 162 Da (g/mol), which is the predicted molecular mass of umbelliferone (data not shown). Therefore, umbelliferone was successfully synthesized by strain B-CM6.
p-Coumaric acid is synthesized from tyrosine. Therefore, the intracellular tyrosine concentration is likely to have an effect on the yield of umbelliferone. In order to increase tyrosine production in E. coli, different combinations of four genes (aroG, tyrA, ppsA, and tktA) were used. These four genes have been used previously [26] . B-CM7, in which aroG and tyrA were overexpressed, produced more umbelliferone than other strains (23 mg/L) ( Figure 6 ). The strains B-CM8 and B-CM9, in which feedback-free aroG (aroG fbr ) and tyrA (tyrA fbr ) [27] were overexpressed, produced less umbelliferone than the strain B-CM6, in which neither aroG nor tyrA was overexpressed. Although it is known that the feedback-free version of aroG and tyrA increase the production of tyrosine [28] , this result indicates that there might be a certain optimal concentration of tyrosine beyond which umbelliferone yield does not increase, and even decrease probably due to the metabolic load of producing too much tyrosine.
During the synthesis of umbelliferone, two thioester intermediates (p-coumaroyl-CoA and 6′-hydroxy p-coumaroyl-CoA) are synthesized. These two intermediates might be degraded by thioesterase(s). To prevent the degradation of the two thioester intermediates and thereby increase the final yield of umbelliferone, two thioesterase mutants (BydiI and BybgC in Table 1 ) were made, and the ability of each mutant to produce umbelliferone was tested. ydiI has esterase activity toward 1,4-dihydroxy-2-naphthoyl-coenzyme A [29] . YbgC was predicted to encode acyl-CoA thioesterase. B-CM10 (Table 1) derived from BydiI, produced 17.2 mg/L umbelliferone, which was less than B-CM7 derived from E. coli BL21 (DE3) (23.2 mg/L). On the other hand, B-CM11 derived from BybgC synthesized approximately 32.1 mg/L umbelliferone (Figure 6 ), indicating that ybgC may hydrolyze the thioester bond in p-coumaroyl-CoA and/or 2-hydroxy p-coumaroyl-CoA. Therefore, we decided to use the strain BybgC to produce umbelliferone.
Strain B-CM11 was used to produce umbelliferone from glucose. First, the optimal B-CM11 cell density for umbelliferone production was examined. Cell density was adjusted from OD 600 = 0.5 to 3.0. The yield of umbelliferone increased from 32.2 mg/L at OD 600 = 0.5 to 67.2 mg/L at OD 600 = 2.5, but at OD 600 = 3.0, it decreased to 48.4 mg/L. Therefore, a cell density of OD 600 = 2.5 was used as the cell density for umbelliferone production. Next, the incubation temperature of B-CM11 was examined. B-CM11 was grown at 20, 25, 30, and 37°C. The highest production of umbelliferone occurred in cells grown at 25°C (68.2 mg/L). At a lower or higher temperature, umbelliferone production dramatically decreased. The yields at 20°C and 30°C were approximately 36.3 mg/L and 22.5 mg/L, respectively. Umbelliferone at 37°C was one-tenth the productivity at 30°C. The different yields at different temperatures may relate to the growth Figure 5 Production of umbelliferone from glucose using B-CM6. A, standard umbelliferone; B, reaction product from B-CM6 (P1, 2-hydroxy p-coumaric acid; P2, p-coumaric acid; P3, umbelliferone).
rate of cells and the expression of the introduced genes. Low temperature lowers the rate of cell growth, while high temperature can influence the expression of the introduced genes. Therefore, the optimal temperature is the one that does not hinder cell growth and maximizes expression of the introduced gene.
Using strain B-CM11, umbelliferone production was monitored for 48 h. Initial cell concentration was OD 600 = 2.5, and the cells were grown at 25°C. Umbelliferone was synthesized rapidly from 6 to 18 h, after which production was not increased dramatically. The production reached a maximum at 36 h. The final yield was 66.1 mg/L ( Figure 7A ), which was less than that obtained by feeding p-coumaric acid (82.9 mg/L). Although B-CM11 continued to synthesize p-coumaric acid, most of it was converted into umbelliferone. This indicated that the overall metabolic flow from the production of p-coumaric acid to the production of umbelliferone is well-balanced.
Esculetin was also synthesized from glucose by adding one additional gene (Sam5) that encodes a protein to convert p-coumaric acid into caffeic acid. We also tested the four constructs (pA-SeTAL, pA-aroG-SeTAL-tyrA, pAaroG fbr -SeTAL-tyrA fbr , and pA-aroG fbr -ppsA-tktA-SeTALtyrA fbr ) for the production of esculetin. The strain harboring pA-aorG fbr -SeTAL-tyrA fbr produced more esculetin than other strains harboring different constructs (data not shown). Therefore, B-CM12 was used for the production of esculetin. The product was confirmed based on HPLC retention time and the MS/MS fragmentation pattern ( Figure 8 and data not shown). The optimal cell concentration was determined to be OD 600 = 1.5, and the optimal incubation temperature was 25°C. Using the optimized conditions, production of esculetin was monitored. Esculetin production needs more time than umbelliferone because of an additional step for the conversion of p-coumaric acid into caffeic acid. Esculetin production continued to increase until 60 h, at which point approximately 61.4 mg/L esculetin was synthesized ( Figure 7B ), similar to the amount which was obtained from feeding caffeic acid. At 60 h, the production of esculetin was maximum and caffeic acid began to accumulate.
Discussion
Three coumarins, umbelliferone, esculetin, and scopoletin were synthesized by feeding the corresponding hydroxycinnamic acids to E. coli harboring 4CL and F6′ H. The yields ranged from 52.3 mg/L for esculetin, 79.5 mg/L for scopoletin, and 82.9 mg/L for umbelliferone. The final yields of these three coumarins were much higher than previous reported, 4.3 and 27. 8 mg/L for umbelliferone and scopoletin, respectively [21] , although the catalytic efficiency of the F6′H used in the previous study was better than that used in the current study [10, 12] . There are several possible explanations for the difference in the final yields. First, the tagged system of F6′H seems to be critical. The soluble form of F6′H was critical for the final yield. The GST-fusion of F6′H is more soluble form of F6′H. In addition, conversion of each HC into the corresponding HC-CoA seems to be an important point, because the 4CL, used in the two studies were different. Second, expression of 4CL and F6′H was affected by the number of promoters. The pseudo-type construct of 4CL and F6′H, in which expression of the two genes was controlled by two independent T7 promoter, gave less scopoletin than the operon-type, in which the expression of both genes was controlled by one T7 promoter. It was also shown that E. coli harboring the operon-type construct of 4CL and CHS (chalcone synthase) synthesized more pinocembrin than E. coli harboring the pseudo-operon type [30] . The order of genes in the construct seemed to be important. Lin et al. [21] used the operon-type construct with 4CL and F6′H. However, F6′H was place in front of 4CL in their construct, which is opposite of ours. Although it was possible that the use of different 4CL genes in the two studies could have contributed to the difference in the final yield, the order of genes in the construct could be another factor that influenced the final yield. The gene that acts at the later stage of a metabolic pathway should be placed in front of the gene that acts at the earlier stage in order to accumulate less intermediate. It was observed that the gene order in the construct influences the final yield of the product [25, 30] .
Umbelliferone and esculetin were also synthesized from glucose. It was surprising that the final yield from glucose was comparable to that from the feeding study. It is generally known that final yield is decreased when more genes are added to E. coli. The use of an E. coli ybgC deletion mutant might prevent the degradation of HC-CoA, which is the substrate of F6′H. The use of E. coli ybgC deletion mutant resulted in higher production of esculetin and umbelliferone from glucose. However, deleting ybgC did not have any effect on the production of esculetin and umbelliferone when caffeic acid and p-coumaric acid were fed to E. coli. It seems that the conversion of caffeoyl-CoA or p-coumaroylCoA into esculetin or umbelliferone is a bottle neck for the overall reaction. When either caffeic acid or p-coumaric acid was fed to E. coli, the corresponding CoA derivatives were formed by 4CL, which is faster than conversion of them into esculetin or umbelliferone by F6′H, and the amount of caffeoyl-CoA or p-coumaroyl-CoA was dependent only on the amount of caffeic acid or p-coumaric acid, respectively. Therefore, although some caffeoyl-CoA or p-coumaroylCoA is degraded by ybgC, caffeoyl-CoA or p-coumaroylCoA are still available for the next reaction catalyzed by F6′ H. On the other hand, when caffeic acid or p-coumaric acid are synthesized from tyrosine and then converted into the corresponding CoAs, most of the caffeoyl-CoA or p-coumaroyl-CoA was degraded by ybgC and the remaining amounts of them were not enough for the capability of F6′ H, and this therefore resulted in decreasing the production of esculetin or umbelliferone. Therefore, deletion of ybgC in E. coli prevents degradation of caffeoyl-CoA or p-coumaroyl-CoA and increases the final yields. We cannot exclude the possibility that ybgC degrades 6′-hydroxy caffeoyl-CoA or 6′-hydroxy p-coumaroyl-CoA.
Conclusions
Coumarins are plant secondary metabolites that contain a backbone of 1,2-benzopyrone. Natural coumarins serve as a backbone for the synthesis of more active derivatives. We used E. coli to synthesize coumarins. E. coli strains harboring the optimized construct of F6′H and 4CL were used to synthesize umbelliferone, esculetin, and scopoletin from p-coumaric acid, caffeic acid, and ferulic acid, respectively. Umbelliferone (82. 9 mg/L), scopoletin (79.5 mg/L), and esculetin (52.3 mg/L) were synthesized after the optimization of cell concentration and the initial substrate feeding concentration. In addition, umbelliferone, and esculetin were synthesized from glucose. A ybgC deletion mutant (BydgC), which was assumed to prevent the degradation of either hydroxycinnamoyl-CoA or 6′-hydroxy hydroxycinnamoyl-CoA was used and this strain was transformed with TAL and other genes involved in the tyrosine biosynthesis pathway. Using these strategies, we produced 66.1 mg/L of umbelliferone, and 61.4 mg/L of esculetin.
Materials and methods
Constructs
4CL (4-coumarate: CoA ligase) from Oryza sativa was cloned previously [31] . p-Coumaroyl Coenzyme A/feruloyl Coenzyme A ortho-hydroxylases from sweet potato (Ipomoea batatas: IbF6′H1 [GenBank ID: AB636153] and IbF6′H2 [GenBank ID: AB636154]) were cloned using reverse transcription-polymerase chain reaction (RT-PCR). Total RNA from sweet potato tuber tissue was isolated using Plant Total RNA Isolation Kit (Qiagen, Hilden, Germany), and cDNA was synthesized with Omniscript reverse transcript (Qiagen). The forward primers of IbF6′ H1 and IbF6′H2 were 5′-ATGGCTCCAACACTCTT GAC-3′ and 5′-ATGAATCAAACACTCGCTGC-3′, respectively. The reverse primers were 5′-TCAGATCTT GGCGTAATCGA-3′ and 5′-TCAAATGTTGGCAAAAT CGA-3′. The resulting PCR product of each gene was subcloned into pGEM-T easy vector (Promega, Madison, USA) and sequenced. Each gene was then reamplified with the forward primer containing an EcoRI site, and the reverse primers containing a NotI site. The PCR product was subcloned into the EcoRI/NotI sites of pET-Duet (Novagen). Os4CL, which was cloned previously [31] , was amplified using PCR with 5′-ATCATATGGG GTCGGTGGCGGCGGAGGAGG-3′ and 5′-ATCTCG AGTTAGCTGCTTTTGGGCGCATC-3′ (NdeI site and XhoI site are indicated as italic), and subcloned into the NdeI/XhoI sites of pET-Duet1 containing IbF6′H1 or IbF6′H2. Each gene in these constructs was controlled by an independent T7 promoter. The plasmids were called pE-pIbF6′H1-pOs4CL or pE-pIbF6′H2-pOs4CL (Table 1) . To make a construct in which both genes were controlled by one promoter (operon-type), Os4CL was amplified with a forward primer containing a ribosomal binding site (RBS) and a NotI site (5′-ATGCGGCCGCaaggagatata ccaATGGGGTCGGTGGCG-3′; NotI site is indicated as italic and RBS is shown in lower case), and the reverse primer containing a XhoI site (5′-ATCTCGAGTTAG CTGCTTTTGGGCGCATC-3′; XhoI site is indicated as italic). The resulting PCR product was subcloned into the NotI/XhoI sites of pET-Duet1 containing IbF6′H1 or IbF6′H2. The resulting constructs, pE-pIbF6′H1-Os4CL and pE-pIbF6′H2-Os4CL contained a single promoter but an RBS site in front of each gene. pE-pIbF6′H1-Os4CL, and pE-pIbF6′H2-Os4CL were digested with EcoRI and XhoI, and the fragment containing IbF6′H1 and Os4CL or IbF6′H2 and Os4CL was subcloned into the EcoRI/XhoI sites of pGEX 5X-3 (GE Healthcare, USA). The resulting constructs were named pG-pIbF6′ H1-Os4CL, and pG-pIbF6′H2-Os4CL, respectively. To make the construct with two promoters and F6′H fused with GST, PCR was carried out using pE-pIbF6′H1-Os4CL, or pE-pIbF6′H2-Os4CL as a template using Pfu DNA polymerase with the primers, 5′-ATGAATTCG ATGCCTTCAACAACACTCTCC-3′ for IbF6′H1 (EcoRI site is indicated as italic) or 5′-ATGAATTCGATGAT GCCTTCAACAACACTC-3′ for IbF6′H2 (EcoRI site indicated as italic) and 5′-TTAGCTGCTTTTGGGC GCATC-3′ for Os4CL. The resulting PCR product was digested with EcoRI and subcloned into the EcoRI/ SmaI sites of pGEX 5X-3. The resulting constructs were pG-pIbF6′H1-pOs4CL and pG-pIbF6′H2-pOs4CL, respectively.
The TAL gene from Saccharothrix espanaensis (SeTAL), aroG, tyrA, and the feedback-free versions of aroG (aroG fbr ) and tyrA (tyrA fbr ) were cloned previously [26] . For the pA-aroG fbr -SeTAL-tyrA fbr construct, aroG fbr and tyrA fbr were introduced into the EcoRI/SalI and the NdeI/ KpnI sites of pACYCDuet, respectively, and was named pA-aroG fbr -tyrA fbr . The SeTAL gene was cloned into the EcoRI/NotI sites of pACYDUet and named pA-SeTAL. SeTAL containing the T7 promoter and RBS was amplified with two primers flanking XhoI and NotI using pA-SeTAL as a template. The PCR product was digested with XhoI/NotI and ligated into the corresponding sites of pA-aroG . pA-aroG-SeTAL-tyrA was constructed using the same method described above.
Production of coumarins in E. coli E. coli transformants containing pG-IbF6′H1-Os4CL or pGIbF6′H2-Os4CL were grown in LB containing 50 μg/mL ampicillin for 16 h at 37°C. This culture was inoculated into fresh LB containing 50 μg/mL ampicillin and grown to an OD 600 = 0.8. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added at a final concentration of 1 mM and the culture was grown for another 6 h at 25°C. Cells were harvested, and the cell concentration was adjusted to OD 600 = 3 with 10 mL of fresh LB containing 50 μg/mL ampicillin in 100 mL flask. The substrate (p-coumaric acid, caffeic acid, or ferulic acid) was added at a concentration of 400 μM. The resulting culture was incubated at 30°C for 12 h with shaking. The effect of medium on the production of scopoletin was examined using LB, M9 (containing 2% glucose), or YM9 (M9 containing 2% glucose and 0.2% yeast extract). We used 10 mL of each medium in 100 mL flask.
To determine the substrate concentration to produce the highest yield of coumarin derivatives, substrate was added at 0.3, 0.4, 0.5, 0.7, 0.9, 1.2, or 1.5 mM. The cell density was OD 600 = 3. The mixture was incubated at 30°C for 12 h with shaking at 180 rpm. For the optimal cell density, cell density was adjusted to OD 600 = 1, 2, 3, 5, or 10. Substrate was added at 0.7 mM, and the mixture was incubated at 30°C for 12 h with shaking at 180 rpm. The reaction scale was used as described above.
The culture (200 μL) was extracted twice with the equal volume of ethylacetate. The organic phase was recovered and evaporated to dryness. The remaining residue was dissolved in 60 μL of dimethylsulfoxide (DMSO) and analyzed using a Thermo Ultimate 3000 HPLC equipped with a photo diode array (PDA) detector and a Varian C18 reversed-phase column (Varian, 4.60 × 250 mm, 3.5 μm particle size) by injecting 10 μL. The mobile phases consisted of 0.1% formic acid in water or acetonitrile. The program was: 15% acetonitrile at 0 min, 35% acetonitrile at 10 min, 90% acetonitrile at 12 min, 90% acetonitrile at 15 min, 15% acetonitrile at 15.1 min, and 15% acetonitrile at 20 min. The flow rate was 1 mL/min, and the separation was monitored at 290, 310, and 340 nm.
Umbelliferone, scopoletin, and esculetin were purchased from Sigma (St. Louis, MO, USA) and used as standards to calculate yields of umbelliferone, scopoletin, or esculetin. The means and standard errors were calculated from triplicate experiments. Analysis of variance (ANOVA) was carried out using Tukey's method with a significance level of P = 0.01 using 2010 Microsoft Office Excel.
Mass spectrometry (MS) was performed as described previously [31] . Structures of products were determined using nuclear magnetic resonance spectroscopy (NMR) [32] . The NMR data were as follows; Umbelliferone 
Synthesis of umbelliferone and esculetin from glucose
An overnight culture of each strain was inoculated into fresh LB medium containing 50 μg/mL of ampicillin, and chloramphenicol and the cells were grown at 37°C with shaking at 180 rpm until the OD 600 exceeded 1.0. The cells were collected by centrifugation. The cell density was adjusted to an OD 600 of 1.0 with 10 mL of M9 medium supplemented with 1% yeast extract, 2% glucose, 50 μg/mL of ampicillin and chloramphenicol and 1 mM IPTG in 100 mL flask and then incubated at 30°C for 48 h with shaking. The reaction product was analyzed by HPLC.
To determine the optimal cell concentration for the production of umbelliferone, B-CM11 cells were grown and protein expression was induced as described above. Cells were harvested by centrifugation and cell concentrations were adjusted to OD 600 = 0.5, 1. 1.5, 2.0, 2.5, or 3.0 with M9 medium containing 2% glucose, 1% yeast extract, 50 μg/mL chloramphenicol and ampicillin, and 1 mM IPTG. Each strain was grown at 30°C for 48 h and production of umbelliferone determined by HPLC. To determine the optimum incubation temperature, the cell concentration of B-CM11 was adjusted to OD 600 = 2.5, and cells were then incubated at 20, 25, 30, and 37°C for 48 h with shaking at 180 rpm. The yield of umbelliferone from each culture was determined by HPLC. Esculetin production from glucose using B-CM12 was carried out using similar methods to that of umbelliferone production.
